Abstract-There are conflicting data regarding what motions increase ACL injury risk. More specifically, the mechanical role of valgus collapse positions during ACL injury remains controversial. Our objective was to evaluate ACL elongation in a model that mimics knee movements thought to occur during ACL injury. Eight healthy male subjects were imaged using MR and biplanar fluoroscopy to measure the in vivo elongation of the ACL and its functional bundles during three static knee positions: full extension, 30°of flexion, and a position intended to mimic a valgus collapse position described in the literature. For this study, the valgus collapse position consisted of 30°of knee flexion, internal rotation of the hip, and 10°of external tibial rotation. ACL length decreased significantly from full extension (30.2 ± 2.6 mm) to 30°of flexion (27.1 ± 2.2 mm). ACL length further decreased in the valgus collapse position (25.6 ± 2.4 mm). Both functional bundles of the ACL followed similar trends with regards to decreases in length in each of the three positions. Since strain would follow patterns of ACL length, landing on an extended knee may be a more relevant risk factor for ACL injuries than the valgus collapse position in males. Future studies should evaluate the effects of dynamic motion patterns on in vivo ACL strains.
INTRODUCTION
With an estimated annual incidence between 200,000 and 400,000 in the United States, anterior cruciate ligament (ACL) rupture is a common problem in young, active populations. 22, 26 For these patients, the repercussions of ACL injury likely involve temporary or permanent disability, absence from work or sports, high costs from operative or rehabilitation treatment, and early onset osteoarthritis (OA). 26 Although surgical reconstruction is a common treatment option, its ability to restore normal joint function and mitigate the long-term development of osteoarthritis is unclear. 4, 19, 20, 39, 50 For example, some studies have reported radiographic evidence of early-onset osteoarthritis in more than 50% of patients 10-20 years after ACL reconstruction. 39, 49 As a result of these outcomes, there has been a great interest in studying ACL injury mechanisms 11, 48, 57 in order to design training programs aimed at prevention. 25, 29, 47 Prevention programs have been aimed at noncontact ACL injuries, which comprise approximately 70% of all ACL injuries. 24, 57 Although some studies have reported significant decreases in the incidence of ACL injuries with training programs, 29, 41 other studies have been less successful. 6, 47, 54 Furthermore, despite these efforts, ACL injury rates remain high. 3 The ability of current prevention programs to reduce the incidence of ACL injury is likely hindered by controversies regarding the mechanisms of injury. 48, 53, 60 Specifically, an understanding of what motions elevate in vivo ACL loading is needed to improve the efficacy of prevention programs.
Previous studies have shown that most ACL injuries occur during change of direction or cutting maneuvers, such as landing from a jump or pivoting on a planted foot. 16, 46 ACL ruptures also frequently occur with the knee in 30°of flexion or less. 13, 26, 40 Although there is consensus on the association of lower flexion angles with ACL injury, there are conflicting opinions on how these injuries are influenced by valgus collapse positions described from videographic analyses of in-game ACL tears. 10, 31, 36, 46 In general, these positions have been described as excessive medial collapse of the knee, resulting in a valgus knee orientation as measured by the angle between long axes of the tibia and femur in the coronal plane. 30, 52 However, since the precise time of injury and ACL loading are not known, it is difficult to determine from videographic analyses what specific motions elevate ACL strains and initiate ACL injury.
A number of studies have used cadaver models to quantify the effects of valgus and other knee motions on ACL function. 5, 7, 42, 58 While these studies provide valuable data on the biomechanical function of the ACL, it is unclear how well these models reproduce the complex loading experienced under in vivo conditions. Furthermore, several techniques, including direct measurement from implanted strain gauges or a combination of 3D modeling and biplanar fluoroscopy, have been used to measure ACL function during various in vivo activities. 8, 23, 33, 37 However, there is limited in vivo data available on ACL function in positions thought to be high risk for injury. This information could play a vital role in the improvement of prevention programs, which is crucial to lowering the incidence of ACL injuries.
To address this lack of data in the literature, the objective of this study was to evaluate in vivo ACL elongation in a static model that mimics a valgus collapse knee position 31, 36, 46 thought to occur at the time of injury. In addition, positions of full extension and low flexion were also considered. Elongation was measured since it is proportional to strain, a critical parameter for predicting ACL failure and injury risk. 56 We hypothesized that ACL elongation would be elevated in the valgus collapse knee position since these positions are believed to be high risk for ACL injury. 31, 36, 46 
METHODS
Eight healthy male subjects (mean age, 30 ± 7 years; range, 23-41 years) were evaluated using an IRB approved protocol. All volunteers had no previous history of lower extremity injury or surgery prior to completing the test protocol.
One knee of each subject was imaged using a 3T MR scanner (Trio Tim, Siemens Medical Solutions USA, Malvern, PA) at the Center for Advanced Magnetic Resonance Development at Duke University. Coronal, sagittal, and axial images were acquired from the subjects while lying in a supine position using a double-echo steady-state sequence (DESS) and an eight-channel receive-only knee coil with a field of view of 15 2, 56 Additionally, the attachment site of the ACL was outlined in the three planes of view. Knowing the voxel size, these outlines were then used to create 3D models of the distal femur and proximal tibia, as well as the footprints of the ACL on each. Orthogonal image sets were used to confirm the shape and position of the ACL. The ACL footprint was further divided into anteromedial (AM) and posterolateral (PL) bundles, 28 as described previously in the literature (Fig. 1) . 33, 38 A previous validation study has shown that this methodology can locate the center of the ACL footprint to within 0.3 mm. 2 Based on a previous parametric study, 38 we expect this relatively small difference to have minimal effect on our results.
Following MRI, each subject's knee was imaged while standing on a level platform from orthogonal directions using fluoroscopes (BV Pulsera, Philips, The Netherlands). 33 Each fluoroscopic image had a resolution of 1024 9 1024 pixels 2 . The protocol consisted of the following single-legged static knee positions ( Fig. 2 ): full extension, 30°of flexion, and 30°of flexion with 10°of external rotation of the tibia and maximal internal rotation at the hip to simulate a valgus collapse position. 36, 46, 52, 60 For each pose, subjects were guided on how to position their knees by one investigator using a goniometer.
To create the in vivo joint model (Fig. 2) , the orthogonal images were imported into the solidmodeling software in order to recreate the biplanar fluoroscopic system used during testing. 1, 12 Next, the POSTERIOR ANTERIOR AM Bundle PL Bundle FIGURE 1. Three-dimensional knee models were created from high resolution MR images. These models included the attachment sites of the ACL on the femur and tibia. These attachment sites were divided into anteromedial (AM) and posterolateral (PL) bundles, as described previously. 33, 38 3D MR knee model was imported into the virtual fluoroscopic environment. Using custom-written edge detection software as a modeling aid to highlight the bone contours on the fluoroscopic images, 1,12 the bones were moved individually in six degrees of freedom until their projections matched the bony outlines in the two orthogonal planes when viewed from the x-ray sources. Previous validation studies have shown that this approach can reproduce joint motion to within 0.1 mm and 0.3°. 12, 15 From these 3D models, knee joint kinematics and the length of the ACL and its functional bundles were measured. First, a coordinate system was drawn on each knee model. 15 The long axis of the tibia was determined by fitting a cylinder to the tibial shaft. Next, a mediolateral axis was drawn perpendicular to the long axis of the tibia and tangent to the posterior extremes of the tibial plateau. Finally, the anteroposterior axis was drawn orthogonal to the long and mediolateral axes of the tibia. On the femur, the long axis was determined by fitting a cylinder to the femoral shaft. The femoral coordinate system consisted of this proximodistal axis and an axis through the transepicondylar line. The kinematic measures examined by this study included flexion, internal/external rotation, and varus/valgus angle. 27 The transepicondylar line was used as a flexion/extension rotational axis. The internal/external rotation of the tibia was measured as the angle between the mediolateral axis of the tibia and the transepicondylar line projected on to the tibial plateau. Varus/valgus angle was measured as the change in angle between the long axis of tibia and transepicondylar line of the femur (Fig. 3) . However, varus/valgus calculated this way is different from valgus measurements made by various videographic studies. 11, 46 Therefore, we used the coronal plane angle to approximate these measurements of valgus when viewed from a broad perspective outside the knee. Coronal plane angle was defined as the angle between the long axis of the femur and the long axis of the tibia projected on the tibial coronal plane (Fig. 3) . ACL and bundle lengths were calculated as the distance between the area centroids of the femoral and tibial ACL attachment sites. 1, 56 Repeated measures ANOVA and Student-NewmanKeuls post hoc tests were used to detect statistically significant differences in flexion angle, as well as the lengths of the ACL and its functional bundles at each of the three knee positions. In addition, a two-way repeated measures ANOVA was used to detect differences between the coronal plane and varus/valgus angles in each knee position. Differences were considered statistically significant where p < 0.05. 
RESULTS
The average flexion angles measured at the three different positions were 25.4 ± 7.3°for full extension, 30.0 ± 6.1°for 30°of flexion, and 29.3 ± 6.7°for the valgus collapse position (Fig. 4) . At full extension, flexion was significantly different (p < 0.001) when compared with 30°of flexion and the valgus collapse position. No significant difference in flexion was detected between 30°of flexion and the valgus collapse position (p = 0.81). In the transverse plane, the tibia was externally rotated by 3.3 ± 4.0°at full extension, and was internally rotated by 4.2 ± 4.0°at 30°of flexion (Fig. 5) . In the valgus collapse position, the tibia was externally rotated by 12.1 ± 4.0°, which was close to the 10°of desired external rotation we designed into the protocol. With regard to the orientation of the knee in the coronal plane, knee position and measurement type (varus/valgus angle vs. coronal plane angle) had statistically significant interactions (p < 0.001). No statistically significant differences were detected between the varus/valgus angle and coronal plane angle measurements with the knee in full extension or 30°of flexion (p > 0.76; Fig. 6 ). However, coronal plane angle was significantly different (p < 0.001) from the varus/valgus angle in the valgus collapse position. In particular, the varus/valgus angle was 21.0 ± 1.2°, while the coronal plane angle was 5. Knee position had a statistically significant effect on the length of the ACL ( Fig. 7a ; p < 0.001), the length of the AM bundle ( Fig. 7b ; p < 0.001), and the length of the PL bundle ( Fig. 7c ; p < 0.001). ACL length at full extension was 30.2 ± 2.6 mm and decreased to 27.1 ± 2.2 mm at 30°of flexion (p < 0.01). ACL length further decreased to 25.6 ± 2.4 mm in the valgus collapse position (p < 0.01). Similarly, the AM and PL bundles each experienced significant decreases in length as the knee was flexed from full extension to 30°of flexion (p < 0.05). Both bundles also had minimal length in the valgus collapse position (p < 0.01).
DISCUSSION
Non-contact ACL injuries frequently occur during cutting or jumping maneuvers. Although the contributions of low flexion angles to ACL rupture are generally agreed upon, 13, 26, 40 the role of valgus collapse remains controversial. 10, 23, 31, 53 Understanding what specific motions elevate ACL loading is critical to improving programs aimed at injury prevention. Because there are limited data on in vivo ACL loading during knee positions proposed to increase injury risk, the objective of this study was to evaluate ACL deformations in a static model that mimics low flexion and valgus positions thought to occur at the time of ACL rupture. Our results suggest that flexion has a greater influence on ACL elongation than valgus knee positioning in male subjects. These findings might suggest that landing on an extended knee is a position of higher risk for ACL injury than landing in a valgus collapse position. However, more studies are needed to evaluate what motions increase in vivo ACL loading under dynamic loading conditions.
In the current study, three different knee positions were simulated: full extension, 30°of flexion, and a valgus collapse position. Each position was associated with significant changes in the length of the ACL and its function bundles (Fig. 7) . In particular, the length of the ACL and both the AM and PL bundles decreased from full extension to 30°of flexion. This trend was in agreement with several previous in vivo studies investigating changes in ACL and functional bundle length with flexion during similar activities. 1, 33, 38 Interestingly, the length of the ACL and both functional bundles decreased further in the valgus collapse position at 30°of flexion. This finding was consistent with that of Fleming et al., who performed an in vivo study of the strains experienced by the ACL during the application of several joint torque and compressive load combinations. 23 They reported that valgus alone did not directly increase ACL strain. Together, these results suggest that flexion has a greater influence on ACL elongation than valgus knee positioning under these in vivo loading conditions.
Landing on an extended knee has been hypothesized to be a risk factor for ACL injury due to increased loading on the ligament from muscular forces. 17, 60 Specifically, with increasing extension, the proximal attachment of the patellar tendon is more anteriorly oriented. 14, 45 This could allow the quadriceps to apply anterior shear forces to the tibia, thus loading the ACL. 9, 32 In support of this mechanism, a number of in vivo studies have shown that ACL elongation is maximal near full extension under a variety of loading conditions. 9, 21, 33, 37, 56, 59 With increasing flexion, the anterior orientation of the patellar tendon decreases, 14, 45 which may protect the ACL from large anterior shear forces exerted by the quadriceps even in the presence of valgus.
External rotation of the tibia has been proposed to be a part of valgus collapse, 36, 60 and was therefore included in our protocol. An average external rotation of 12°was achieved in the current study, which was close to 10°of external rotation reported by Olsen et al. 46 External tibial torque, when isolated, has previously been shown to have no significant effect on ACL strain. 5, 7, 23 Furthermore, an in vitro study by Markolf et al. reported that with an increase in the flexion angle, the combination of external tibial torque along with valgus moment decreased ACL force when compared to valgus alone. 42 This may also help to explain why the ACL length decreased in the valgus collapse position when compared to 30°of flexion.
Previous studies have indicated a significant change in valgus angles during ACL injury using measurements of the long axes of the femur and tibia projected onto a frontal plane as observed from the perspective of a camera. 11, 36, 46 In this study, rotations in the coronal plane were measured in two fashions (Fig. 3) : as the change in angle between the transepicondylar line and long axis of the tibia (varus/valgus), and as the angle of the femoral and tibial long axes projected onto the coronal plane of the tibia (coronal plane angle). The purpose of the coronal plane angle measurement was to establish a method similar to those used in such videographic analyses. Our data indicate that the subjects in this study were successful in achieving a valgus knee position, as measured by the coronal plane angle. However, this relatively large change in coronal plane angle corresponded to very little change in the varus/valgus angle measured in this study. Thus, these results reinforce the notion that valgus approximated from video footage of an ACL injury may differ from mathematical descriptions of valgus used in laboratory studies. 27, 51, 55 Regardless, our results indicate that the valgus collapse position did not elongate the ACL, while extension caused significant increases in ACL length.
It should be noted that the parameters for our valgus collapse positioning protocol were based on previous videographic analyses. 31, 36, 46 However, in one study, Krosshaug et al. detailed the difficulties associated with visually interpreting bone position and segment orientation in the video analysis of ACL injuries. 35 This is an important point because it implies that the measurements made may have over-or underestimated the actual joint angles experienced. Additionally, videographic analyses are currently unable to detect the behavior of ligaments during various activities, including identifying the exact moment of ACL injury. Therefore, it is unclear if valgus collapse positions would necessarily induce high ACL loads or if the ligament had already ruptured and the knee was simply collapsing into this position due to the loss of supporting structures. Recently, an in vivo study of dynamic jumping mechanics found that peak ACL strain occurs prior to ground impact with the knee in maximum extension. 56 This maximum extension was followed by an increase in flexion and a decrease in ACL strain. Besides reinforcing the inverse relationship between flexion and ACL length demonstrated by this study, these previous results might suggest that injury transpires near ground impact 34, 56 prior to collapsing into flexion and valgus. Regardless, additional studies are needed to further clarify the precise mechanisms of ACL injury.
There are several limitations to this study. First, the study positions were captured statically due to the small field of view and low capture speed of our fluoroscopic system. Due to the complex loading conditions applied, it is difficult to predict ACL strains during dynamic activities such as jumping or cutting. Thus, additional studies using dynamic measurement techniques with higher sampling rates 18, 43, 44, 56 and larger fields of view might investigate the effects of valgus collapse positions on ACL strains during such high demand tasks. Another limitation of this study is the inclusion of only male subjects. Many studies have reported that females are more predisposed to higher coronal plane valgus angles compared to males. 30, 40, 52 Since recent studies have suggested that males and females may have different ACL injury mechanisms, 48 a similar study performed using females could help to determine the potential relationship between sex and the biomechanical role of valgus collapse. As mentioned above, we generalized valgus collapse as 30°of flexion with 10°o f external rotation of the tibia and internal rotation at the hip, which may not be inclusive of all types of valgus collapse injuries. Future studies could vary these parameters to check the effects of a broader range of knee poses on ACL loading. Finally, we approximated the length of the ACL and its bundles as straight lines connecting the femoral and tibial attachment sites. However, this assumption would not provide accurate measurements of length if the ACL is slack. Despite this limitation, this approximation would not affect our conclusion that the valgus collapse position does not elongate the ACL under these loading conditions.
In conclusion, we used MR and fluoroscopic imaging techniques to measure in vivo ACL length in several positions that mimic high risk motions reported in the literature. Our results demonstrate that, under weightbearing conditions, ACL length decreased when moving from full extension to 30°of flexion. Notably, the valgus collapse knee position simulated in this study did not elongate the ACL. Future studies should include dynamic data acquisitions, which may more closely replicate the conditions of ACL injury.
Detailed data describing what knee motions increase ACL loading is imperative to the continued improvement of ACL injury prevention programs.
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